The understanding of oxygen reduction reaction (ORR) activity on perovskite oxide surfaces is essential for promising future fuel cell applications. We report a comparative study of ORR mechanisms on LaBO 3 (B=Mn, Fe, Cr) surfaces by first-principles calculations based on density functional theory (DFT). Results obtained from varied DFT methods such as generalized gradient approximation (GGA), GGA+U and the hybrid Hartree-Fock density functional method are reported for comparative purposes. We find that the results calculated from hybridfunctional method suggest that the order of ORR activity is LaMnO 3 > LaCrO 3 > LaFeO 3 , which is in better agreement with recent experimental results (Suntivich et al., Nature Chemistry 3, 546 (2011)) than those using the GGA or GGA+U method.
INTRODUCTION
Oxygen reduction reaction (ORR), one of electrochemical energy conversion processes, plays a very important role in renewable energy technologies, including fuel cells and metal-air batteries.
Searching for a highly active catalyst to replace noble metal cathodes is driven by the need of efficient and low-cost ORR catalysts, which are essential for mass marketing a fuel cell technology to address the world's energy needs.
Recent experiments by Suntivich et al. 1, 2 shows that perovskite transition-metal oxides can exhibit high electrocatalytic activity for ORR in alkaline electrolytes. It is also suggested that ORR activity on perovskite oxide surfaces is related to the e g occupation in the B-site cation, which is indicative of the strength of bonding between transition metal ion and adsorbed oxygen.
A moderate amount of e g -filling in perovskite oxides such as LaMnO 3 (e g = 1) yields higher activity as compared to other oxides with either too little (LaCrO 3 with e g = 0) or too much e g electron filling (LaFeO 3 with e g = 2).
ORR on LaBO 3 perovskite oxide surfaces has been theoretically investigated extensively in the past using first-principles methods based on density functional theory. [3] [4] [5] [6] [7] [8] All of these studies considered atomic and molecular oxygen adsorption on the LaBO 3 surface only for its application in solid oxide fuel cells. However, in alkaline fuel cells the ORR involves a more complicated reaction pathway, in which ORR intermediates such as hydroxides and peroxides 2 will form on the surface. Furthermore, in most studies the standard (semi) local DFT methods, local density approximation or generalized gradient approximation (GGA), are used, while only a few of them use GGA+U approach to describe strongly correlated electrons. 8, 9 The role of GGA+U is to address on-site Coulomb interactions in the localized orbitals (such as d orbitals in transition metals) with an additional Hubbard-type term U . 10, 11 It has been found that LaBO 3 surface energetics are strongly depend on the parameter U used in the calculation. 8 These recent studies further motivate us to use higher-level theoretical treatments, the so-called "parameter-free" hybrid functional approach, for a complete description of the ORR on the LaBO 3 perovskite oxide surfaces. A hybrid functional, a combination of exact nonlocal orbital-dependent Hartree-Fock exchange and a standard local exchange-correlation functional, provides a significant improvement over the GGA description and enables accurate computation of electronic properties and energetics of molecular systems as well as extended systems including transition metal oxides [12] [13] [14] without the need for system-dependent adjustable parameters or decisions of which electrons to localize. So far ORR activity on perovskite oxide surfaces is unexplored by hybridfunctional approaches. In the present work we aim at filling this gap.
In this paper we report a comparative study of ORR activity on LaBO 3 (B=Mn, Fe, Cr) perovskite oxide surfaces using first-principles calculations. Calculations based on various DFT functionals such as GGA, GGA+U and hybrid functional are performed for comparative purposes.
From binding energies of ORR intermediates, we obtain free energy changes at each step of the ORR and present overall free energy diagrams for each surface. The kinetics of ORR on each perovskite oxide surface are found to differ significantly with different DFT methods used in the calculation. We find that the hybrid functional method yields better agreement with recent experiments by Suntivich et al. 1, 2 while the results from the GGA and GGA+U methods fail to explain the experimental observations.
Computational Methods

DFT calculations
Our calculations are performed using the plane-wave-basis-set Vienna ab initio simulation package VASP 15 (version 5.2). The projector-augmented-wave (PAW) methods are used to describe the interactions between atomic cores and valence electrons, with a kinetic energy cutoff of 500 eV employed in all simulations. The 3p-semi-core states are treated as valence states for transition metal atoms Cr (3p 6 3d 5 4s 1 ), Mn (3p 6 3d 5 4s 2 ), and Fe (3p 6 3d 6 4s 2 ). For the exchange-correlation functional we used the GGA method with Perdew-Burke-Ernzerhof (PBE) formulation. 16 We also apply the GGA+U method to reduce the self-interaction error and improve the description of correlation effects. For the GGA+U calculation we make use of the standard Dudarev implementation 17 where the on-site Coulomb interaction for the localized orbitals is parametrized by U eff = U − J using the PBE functional. We apply the optimized effective interaction parameter U eff for the metal atoms in LaBO 3 (U eff = 4, 4 and 3.5 eV for Mn, Fe and Cr, respectively), determined by fitting the enthalpies of the oxidation reactions. 18 These values have previously been shown to provide a description of LaBO 3 electronic structure that is in good agreement with the available experimental data. 8 Furthermore, we perform single-point total energy calculations with the hybrid functional approach developed by Heyd-Scuseria-Ernzerhof (HSE06) 19 for the approximation of the exchange-correlation energy and potential. In the HSE06 approach, one quarter of the PBE short-range exchange is replaced by the exact Hartree-Fock exchange, and the full PBE correlation energy is included. The range-separation parameter is set to be 0.2 Å −1 . The magnetic structures of LaBO 3 perovskites are complicated due to phase transitions at different temperatures. For simplicity and consistency we apply the ferromagnetic ordering for all the studied LaBO 3 perovskites, by an initial assignment of non-zero (parallel) spin to all the B atoms. The self-consistent procedure determining the electron and spin density distribution for each geometry are always carried out leaving the total spin unconstrained and free to evolve. We expect our assumption will not introduce large errors in our energetic results, as we focus on the adsorption energy and relative free energy of the ORR intermediates on the surface, in which the total energy difference caused by changing the relative spin orientations inside the slab should have negligible effect.
Free energy diagrams for oxygen reduction reaction
The following four-electron ORR reaction pathway for LaBO 3 at the cathode in alkaline electrolytes has been suggested 2 (overall process
1) surface hydroxide displacement as:
2) surface peroxide formation as:
3) surface oxide formation as:
and 4) surface hydroxide regeneration as:
The free energy change of each ORR reaction step is calculated based on a computational hydrogen electrode model suggested by Nørskov et al. 21 This method has been shown to predict trends for the oxygen reduction reaction on metals quite well. 21 In this method the potential affects the relative free energy through the chemical potential of the electrons in the electrode. We convert the calculated DFT energies into Gibbs free energies by adding entropic (T S) and zero-point energy (ZPE) corrections to the ORR intermediates, so that
where ∆E is the calculated DFT reaction energy, ∆ZPE is the change in ZPE and ∆S is the change in the entropy. ZPE corrections and entropies of the ORR intermediates are calculated from the vibrational frequencies according to standard methods, and those of the gas-phase molecules are obtained from thermodynamics databases. ∆G Φ is the effect of electrode potential which is applied by shifting the free energy change ∆G by ∆G Φ = eΦ, where e is the elementary charge and Φ is the potential difference between electrode and counter electrode (versus reversible hydrogen electrode, RHE). The equilibrium potential Φ eq corresponds to zero net reaction free en-
where 
Furthermore, effect of water on the ORR activity is also taken into account by a solvation correction to ORR intermediates, since reactions occur in the presence of water in electrolytes. 2 The solvation corrections are obtained from a previous study of platinum-catalyzed ORR using the Poisson-Boltzmann implicit continuum model. 22 The solvation correction energies are −0.32, −0.47, −0.75 and −0.54 eV for OO*, O*, HO*, and HOO* intermediates, respectively. surface has a stronger U eff dependence than the OO* binding. In our calculations, the even larger correction of binding energies in the HSE06 hybrid functional results compared to the corrections in the results from the GGA+U method is primarily due to the fact that the U eff is applied only at the transition metal B atoms in the GGA+U calculations. 24 :
Results and discussion
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where 24 .
ORR on LaBO 3 surface
The calculated free energy change of each ORR step at zero electrode potential (Φ = 0 V vs. RHE) are listed in Table 3 . ∆G 1 , ∆G 2 , ∆G 3 , and ∆G 4 correspond to the free energy changes in the ORR reaction steps of Eqs. (1), (2), (3) and (4), respectively. All reaction steps are exothermic for all three perovskite oxide surfaces with different calculation methods. However, for each surface GGA+U and HSE06 methods give quite different relations between different reaction steps respect to the GGA values. The size of the ORR potential-determining step can be estimated according to
In the following we further analyze the catalytic performance by calculating the free energy diagrams under equilibrium and ORR potentials for each LaBO 3 surface. The calculated free energy diagrams for ORR on the LaFeO 3 (001) surface under Φ eq and Φ ORR are shown in Fig. 3 . It has previously been suggested that for LaFeO 3 the surface OO*/HO* exchange does not gain sufficient energy, and thus the ORR kinetics are limited by the rate of OO*/HO* exchange (step 1). 2 However, our calculation indicates that this reaction step is only the secondary potential-determining step. The primary potential-determining step is located at the HOO* formation (step 2), which has a slightly larger free energy change than that of the OO*/HO* exchange step under equilibrium potential independent of the choice of the calculation method. 
Summary
In summary, we conduct a comparative first-principles study of the ORR activity of the three perovskite oxides LaMnO 3 , LaFeO 3 and LaCrO 3 . In addition to the extensively used GGA and GGA+U methodologies, we also apply the advanced hybrid-functional method. We find that the calculated surface binding energies of ORR intermediates are strongly dependent on the method, and the free energy diagrams of ORR are described quite differently in GGA, GGA+U and hybrid functional approaches, especially for LaFeO 3 and LaCrO 3 surfaces.
We show that Cr-sites on the LaCrO 3 surface are better adsorption centers for atomic oxygen 
